r Exercise is a potent physiological stimulus to clear blood glucose from the circulation into skeletal muscle.
Introduction
Insulin and exercise are the most potent physiological stimuli for glucose uptake in skeletal muscle. Although diabetics have decreased insulin-stimulated glucose uptake into skeletal muscle, the exercise-stimulated glucose uptake in skeletal muscle is normal in these patients (Kennedy et al. 1999) . This suggests that the exercise signalling network regulating glucose uptake is complementary to the insulin signalling cascades (Richter & Hargreaves, 2013; Sylow et al. 2017) . Defining the vastly complex exercise network (Hoffman et al. 2015) could therefore reveal molecular targets that improve skeletal muscle glucose uptake and through this whole-body glycaemia in diabetics.
The mammalian target of rapamycin (mTOR) protein is a serine/threonine-protein kinase that is found in two structural and functional complexes with unique binding partners and different substrates. mTOR complex 1 (mTORC1), defined by its subunit Regulatory-associated protein of mTOR (RAPTOR), is a critical regulator of cell growth (Kennedy & Lamming, 2016) . mTORC1 is also a well-established molecular regulator of resistance exercise-induced skeletal muscle hypertrophy (Marcotte et al. 2015) . Because of its more recent discovery less is known about the regulation and function of mTORC2. Rapamycin-insensitive companion of mammalian target of rapamycin (RICTOR) and stress-activated map kinase-interacting protein 1 (SIN1) are critical subunits unique to mTORC2. Growth factors, like insulin, activate mTORC2 via phosphoinositide 3-kinase (PI3K). Beyond PI3K, the mechanisms of mTORC2 activation have not been fully elucidated, but involve phosphatidylinositol 3,4,5-trisphosphate (PIP 3 ) generation by PI3K (Liu et al. 2015) and association of mTORC2 with the ribosome (Oh et al. 2010; Zinzalla et al. 2011) . In addition, AKT-dependent phosphorylation of SIN1 has been proposed to be a requisite of growth factor mediated mTORC2 activation .
Protein kinase C α (PKCα; S657), AKT (S473) and serine/threonine-protein kinase 1 (SGK1; S422) are the best defined mTORC2 substrates (Sarbassov et al. 2005; García-Martínez & Alessi, 2008) . Loss of mTORC2 activity in insulin responsive tissues generally impairs whole-body glucose homeostasis (Kennedy & Lamming, 2016) . In muscle, mTORC2 is required for normal insulin-stimulated glucose uptake in mice (Kumar et al. 2008; Kleinert et al. 2014) . It has also been reported that mTORC2 regulates Rac1 activity in cultured non-muscle cells (Jacinto et al. 2004; Morrison et al. 2015) . Several cellular processes are controlled by Rac1, including reorganization of the actin cytoskeleton (Chiu et al. 2011) . More recently it has been shown that Rac1 is necessary for exercise-induced glucose uptake in skeletal muscle (Sylow et al. 2013 . Thus, we explore here the hypothesis that mTORC2 signalling is required for normal muscle glucose uptake during exercise in mice.
Methods

Ethical approval
All experiments were approved by the Danish Animal Experimental Inspectorate and complied with the terms of the 'European Convention for the Protection of Vertebrate Animals Used for Experiments and Other Scientific Purposes.' The investigators understand the ethical principles under which The Journal of Physiology operates and our work complies with this animal ethics checklist.
Animals
Female muscle-specific Rictor knockout (mKO: Rictor Floxed/Floxed, HSA-Cre −/+ ) and wild-type (WT: Rictor Floxed/Floxed, HSA-Cre −/− ) (Bentzinger et al. 2008 ) littermates on a C57BL/6J background aged 11-14 weeks were used. Animals were exposed to a 12 h:12 h light-dark cycle and had free access to standard rodent chow diet (Altromin no. 1324; Chr. Pedersen, Ringsted, Denmark) and water. Mice were group housed.
Maximal running capacity
All mice were acclimatized to the treadmill on three separate days for 10 min at 0.17 m s −1 at 0 deg incline. The maximal running capacity test was conducted 3 days after the last familiarization round. The test was performed at 10 deg incline with a 5 min warm-up at 0.17 m s −1 , after which the speed was increased by ß0.02 m s −1 every minute until exhaustion. Testing was performed blinded.
In vivo exercise-induced glucose uptake
Blood glucose concentration was measured on mixed tail blood and then saline containing 60 μCi ml −1
2-[
3 H]-deoxyglucose ( 3 H-2-DG; Perkin Elmer (Waltham, MA, USA)) and 0.1 mM unlabelled 2-deoxyglucose (2-DG) was injected intraperitoneally at 8 μl per gram body weight. Mice were divided into two groups and either ran for 20 min, at 10 deg incline and at 60% of the overall average maximal running speed (0.26 m s −1 ) or rested in their cages for 20 min (n = 9-13). After 20 min of rest/exercise blood glucose concentration was quickly determined again and additional blood was collected into heparinized capillary tubes. Then mice were killed by cervical dislocation and quadriceps, gastrocnemius, soleus and extensor digitorum longus (EDL) muscles were quickly resected out, rinsed in ice-cold saline, blotted dry on gauze and snap-frozen in liquid nitrogen. The blood was kept on ice for no longer than 5 min and then centrifuged to obtain plasma which was also snap-frozen in liquid nitrogen. A 10 μl volume of plasma was used to measure the plasma 3 H activity by scintillation counting. Subsequently the area under 3 H-2-DG 0-20 min was calculated to estimate the circulating 3 H-2-DG. Approximately 50 mg portions of quadriceps and gastrocnemius muscle, and whole soleus and EDL muscles (ß10 mg) were used to determine the clearance of phosphorylated 3 H-2-DG ( 3 H-2-DG-6-P) from the plasma into the muscle as previously described . Glucose uptake was estimated by multiplying clearance by the average blood glucose levels.
Muscle glycogen and plasma lactate
Glycogen in gastrocnemius muscles was determined as previously described . Plasma lactate levels were determined with an automatic analyser (Hitachi automatic analyser 912; Boehringer Mannheim, Ingelheim, Germany).
Immunoblotting in muscle samples
Approximately 15 mg portions of gastrocnemius muscles were homogenized 2 × 45 s at 30 Hz in a Tissuelyser II (Qiagen Nordic, Copenhagen, Denmark) in ice-cold ß300 μl lysis buffer (10% glycerol, 20 mM sodium pyrophosphate, 150 mM NaCl, 50 mM Hepes (pH 7.5), 1% NP-40, 20 mM β-glycerophosphate, 10 mM NaF, 2 mM phenylmethylsulfonyl fluoride (PMSF), 1 mM EDTA (pH 8.0), 1 mM EGTA (pH 8.0), 10 μg ml −1 aprotinin, 10 μg ml −1 leupeptin, 2 mM Na 3 VO 4 , 3 mM benzamidine). Homogenates were rotated end-over-end for 1 h at 4°C and centrifuged for 20 min at 13,000 g at 4°C. Supernatant lysate protein content was assayed with the bicinchoninic acid (BCA) method and all lysates were diluted to the same protein concentration of 2 μg μl −1 . Total protein and phosphorylation levels of indicated proteins were determined by standard immunoblotting technique. Equal amounts of protein (5-20 μg) were loaded.
Antibodies used
The following primary phospho-antibodies were used: p-AKT S473 (Cell Signaling Technology (CST), Leiden, Netherlands, no. 9271 
Phosphoproteomics
Phosphoproteomics was performed essentially as described previously (Hoffman et al. 2015) . Briefly, ß25 mg gastrocnemius muscle from the in vivo exercise study was lysed in 6 M urea, 2 M thiourea, 25 mM triethylammonium bicarbonate (TEAB), pH 7.9, containing phosphatase and protease inhibitor cocktails by tip-probe sonication (2 × 15 s) on ice. The lysates were centrifuged at 17,000 g, 15 min, 4°C and the supernatant precipitated with six volumes of acetone, overnight, −20°C. Protein pellets were resuspended in 6 M urea, 2 M thiourea, 25 mM TEAB, pH 7.9 and quantified by Qubit fluorescence (Invitrogen by Life Technologies, Carlsbad, CA, USA). Concentrations were normalized and 1 mg of protein reduced with 10 mM dithiothreitol for 60 min at 25°C followed by alkylation with 25 mM iodoacetamide for 30 min at 25°C in the dark. The reaction was quenched to a final concentration of 20 mM dithiothreitol and digested with Lys-C (Wako Pure Chemical Industries, Osaka, Japan) at 1:50 enzyme J Physiol 595.14 to substrate ratio for 2 h at 25°C. The mixture was diluted 5-fold with 25 mM TEAB and digested with trypsin at 1:50 enzyme to substrate ratio for 12 h at 30°C. The peptide mixture was acidified to a final concentration of 2% formic acid, 0.1% trifuoroacetic acid (TFA) and centrifuged at 16,000 g for 15 min. Peptides were desalted using hydrophilic lipophilic balance-solid phase extraction (HLB-SPE) cartridges (Waters Corp., Milford, MA, USA) followed by elution with 50% acetonitrile, 0.1% TFA and dried by vacuum centrifugation. Peptides were resuspended in 30 μl of 100 mM TEAB, quantified by Qubit fluorescence and normalized to 250 μg (30 μl) −1 . Peptides were labelled with 10-plex Tandem Mass Tags (TMT) (n = 5 WT and n = 5 Ric mKO). The labelled peptides were pooled and dried to approximately 50 μl by vacuum centrifugation. Phosphopeptides were enriched essentially as described previously (Engholm-Keller et al. 2012) . Enriched phosphopeptides were acidified to a final concentration of 10% formic acid and desalted with C18 microcolumns. The enriched phosphopeptides and aliquots of non-phosphorylated peptides were fractionated on an in-house packed TSKgel R -amide (Tosoh Bioscience, Griesheim, Germany) hydrophilic interaction chromatography (HILIC) column as described previously . Peptides were resuspended in 2% acetonitrile, 0.5% acetic acid and loaded onto a 50 cm × 75 μm inner diameter column packed in-house with 1.9 μm C18AQ particles (Dr. Maisch HPLC GmbH, Ammerbuch-Entringen, Germany) using a Dionex UHPLC. Peptides were separated using a linear gradient of 5-30% Buffer B over 120 min at 250 nl min −1 (Buffer A = 0.5% acetic acid; Buffer B = 80% acetonitrile, 0.5% acetic acid). The column was maintained at 50°C using a PRSO-V1 ion-source (Sonation) coupled directly to a Q-Exactive Plus mass spectrometer (MS). For data dependent acquisition (DDA) a first full-scan mass spectrometry (MS) was measured at 70,000 resolution at 200 m z −1 (300-1550 m z −1 ; 100 ms injection time; 3e 6 automatic gain control (AGC) target) followed by isolation of up to 20 of the most abundant precursor ions for MS/MS (1.2 m z −1 isolation; 8.3e5 intensity threshold; 30.0 normalized collision energy; 35,000 resolution at 200 m z −1 ; 120 ms injection time; 2e 5 AGC target). Charge state reduction of isobarically labelled peptides was achieved with a 10% ammonium hydroxide vapour underneath the electrospray ionization (ESI) source (Thingholm et al. 2010) . All data were processed using MaxQuant v1.5.2.10 (Cox & Mann, 2008) and searched with Andromeda (Cox et al. 2011 ) against the mouse UniProt database (November 2015; 55,004 entries). The data were searched with the following variable modifications; methionine oxidation; and serine, threonine and tyrosine phosphorylation. The precursor-ion mass tolerance was set to 20 p.p.m. and 7 p.p.m. for first and second searches, respectively, and product-ion mass tolerance set to 0.02 Da. All results were filtered to 1% false discovery rates (FDRs). All data were normalized to the median of each replicate. Significantly regulated phosphopeptides and proteins were determined using t tests corrected for multiple testing using Benjamini-Hochberg in the Perseus Software Package (Tyanova et al. 2016) .
Statistical analyses of non-omics data
The error bars represent SEM. Statistical testing was performed using two-way analysis of variance (ANOVA) with the genotype (Ric WT vs. Ric mKO) and the activity (resting vs. running) as the factors. Tukey's post hoc tests were performed when appropriate. Statistical evaluation was performed using GraphPad Prism 7. The significance level was set at P < 0.05. A statistical trend was defined as P < 0.1 and P ࣙ 0.05.
Results
Muscle glucose uptake during treadmill exercise in Ric mKO mice
Ric WT and Ric mKO mice had similar running capacities with maximal sustainable speeds of ß0.45 m s −1 (Fig. 1A) . At rest, glucose uptake and 2-DG clearance from the blood in gastrocnemius, quadriceps, soleus and EDL were similar between Ric WT and Ric mKO mice (Fig. 1B  and C) . During treadmill running, however, muscle glucose uptake and 2-DG clearance increased less and was ß40% lower in Ric mKO mice than in Ric WT mice ( Fig. 1B and C) . Blood glucose levels were overall ß10% higher in Ric mKO mice, but there was no difference in exercise-induced blood glucose changes between Ric WT and Ric mKO mice (Fig. 1D ). There was a statistical trend (P < 0.06) for increased blood glucose concentrations after treadmill running (Fig. 1D ). Plasma lactate levels were similar between Ric WT and Ric mKO and exercise increased plasma lactate by ß50% in both Ric WT and mKO mice (Fig. 1E) . Muscle glycogen levels tended to be overall higher in Ric mKO (P < 0.07) muscle, but decreased with running by similar magnitude (ß25%) in both Ric WT and Ric mKO mice (Fig. 1F) . Distribution of slow, myosin heavy chain 1 (MHCI) and fast, myosin heavy chain 2 (MHCII) fibres was similar in Ric WT and Ric mKO muscles (Fig. 1G ).
Muscle mTORC2 signalling at rest and during treadmill running in Ric mKO mice RICTOR protein expression was decreased by ß60% in Ric mKO muscle ( Fig. 2A) . Although muscle samples were carefully dissected out and subsequently rinsed in ice-cold saline, inadvertent contaminants, including blood cells, blood vessels, nerve and connective tissue, and/or ectopic fat may explain the residual detection of RICTOR in Ric mKO muscle. Importantly, the phosphorylation levels of the direct mTORC2 substrates, p-PKCα S657 and p-AKT S473, were decreased by ß70% and ß80%, respectively, in Ric mKO muscle ( Fig. 2B and D) , attesting to the genetic impairment in mTORC2 signalling in our model. The protein expression of PKCα and AKT2 were decreased by ß85% and 15%, respectively ( Fig. 2C and F) . p-AKT T308, however, was increased by ß135% in Ric mKO muscle (Fig. 2E) .
In addition to its direct targets, two other phosphorylation sites, p-NDRG1 T346 and p-mTOR S2481, have been previously characterized and used as in vivo markers of mTORC2 activity (García-Martínez & Alessi, 2008; Copp et al. 2009; Sato et al. 2014) . Interestingly, there was no statistical difference in p-NDRG1 T346 between Ric WT and Ric mKO muscles (Fig. 2G) . Muscle p-mTOR S2481, on the other hand, was decreased by ß30% in Ric mKO mice (Fig. 2I ). NDRG1 and mTOR protein levels were similar between Ric WT and Ric mKO muscles ( Fig. 2H and J) . Both p-PKCα S657 and p-NDRG1 increased during treadmill running in Ric WT muscle, but not in Ric mKO muscle (Fig. 2B and G) , demonstrating that mTORC2 is activated during exercise.
Exercise-related signalling at rest and during treadmill running in Ric mKO mice
Treadmill running increased p-AMPK T172 by ß50% in both Ric WT and Ric mKO muscles (Fig. 3A) . There was no effect of running on the total protein levels of AMPKα2, which were also similar between Ric WT and Ric mKO muscle (Fig. 3B ). There was a trend (P < 0.07) for an exercise-induced increase in p-PAK1/2 T423/T402 (Fig. 3C) . Phosphorylation levels of this site, however, were not different between Ric WT and Ric mKO muscles. PAK1 protein levels were decreased by ß20% in Ric mKO muscle (Fig. 3D) . The protein levels of hexokinase II (HKII) and GLUT4 were not altered by exercise or in Ric mKO muscle ( Fig. 3E and F) .
Global signalling difference in between muscle of Ric WT and Ric mKO mice during treadmill running
We next obtained a more global view of protein phosphorylation using stable isotope labelling combined with phosphoproteomic analysis to investigate exerciseregulated signalling events that are regulated by mTORC2. A, maximal running capacity was determined with an incremental treadmill running protocol. B and C, glucose uptake and 2-DG clearance from the blood into the indicated muscle of resting mice and of mice that ran at 60% of the overall average maximal running capacity for 20 min. D and E, blood glucose and plasma lactate levels before (0 min) and right after (20 min) the interventions (resting vs. running). F, muscle glycogen from the resting and running mice (n = 9-13). G, representative Western blots and quantitative analysis of MHCI and MHCII relative to actin in gastrocnemius muscle (n = 7). * * * P < 0.001 and * * P < 0.01 are a main effects of genotype (Ric WT vs. Ric mKO); ### P < 0.001 and ## P < 0.01 are main effects of the intervention (resting vs. running). Values are means ± SEM.
J Physiol 595.14 A total of 8832 phosphosites on 2681 phosphoproteins were quantified in five biological replicates, with 94 phosphosites differentially regulated between Ric WT and Ric mKO (P < 0.05 adjusted for multiple testing and ±1.5-fold) ( Fig. 4A and C; supplementary spreadsheets (Table S1 ) in the online Supporting information). Since a regulated phosphopeptide may arise from either a change in the abundance of the protein itself or a change in the amount of phosphorylation, we also performed total proteome quantification using the same strategy and samples. A total of 4954 proteins were quantified in all five biological replicates. Twelve proteins were significantly regulated between Ric WT and Ric mKO (P < 0.05 adjusted for multiple testing and ±1.5-fold) ( Fig. 4B ; supplementary spreadsheets (Table S2 ) in the online Supporting information). This included the up-regulation of perilipin 3 (PLIN3) which has recently been shown to be negatively regulated by mTORC2 in skeletal muscle . We also detected a down-regulation of PKCα, which is a known target of mTORC2 and mTORC2-dependent phosphorylation is essential for PKCα maturation and stability ( Fig. 2B and C) (Ikenoue et al. 2008) . Of the 2681 proteins containing an identified phosphosite, total protein abundance quantification was obtained for 1810 proteins and used to normalize the quantitative data of 7368 phosphosites. For the 94 regulated phosphosites, 80 could be normalized to a matching protein. Filtering out phosphosites for which the corresponding protein was significantly regulated by more than 1.5-fold resulted in 45 confident residues that were significantly altered in their level of phosphorylation (>1.5-fold) (Fig. 4C ) in Ric mKO muscle during exercise. Regulated phosphorylation was observed on a range of proteins with different biological functions, including structural/contractile proteins (e.g. TTN, MYH3, MYOZ, FLNA, OBSCN), protein kinases (PKN1, BAZ1B, PRKCA, NEK9), transcriptional regulators (PNN, TGFB1I1, THRAP3, SMARCC2, NACA, PKN1, CREB1, STAT5B), actin cytoskeleton regulators (TGFB1I1, MYOZ, PKN1, XIRP2) and ion-transport proteins (NDRG2, ATP1A2, STIM2, FHL1). Notably, phosphorylation levels of several NDRG2 residues were increased in Ric mKO with exercise.
Discussion
Our data suggest that mTORC2 is activated in muscle during exercise and that mTORC2 is involved in the regulation of exercise-induced muscle glucose uptake in vivo. Consistent with a previous report , muscle glucose uptake at rest was normal in mice with impaired mTORC2 signalling. During treadmill running, however, muscle glucose uptake was reduced in Ric mKO mice compared to Ric WT mice. A similar magnitude in the breakdown of muscle glycogen and the similar increase in plasma lactate during treadmill running indicate that the exercise intervention induced similar metabolic stress in Ric WT and Ric mKO mice. This notion of a similar 'load' on the muscle during running is further supported by the phosphorylation levels of the master energy stress sensor AMPK, which increased to a Representative Western blots and quantitative analysis of the indicated phosphorylation sites and total proteins in gastrocnemius muscle lysates from Ric WT and Ric mKO mice that were either resting or running (n = 9-13). * * * P < 0.001, * P < 0.05 are main effects of genotype (Ric WT vs. Ric mKO); for p-PKCα S657 and p-NDRG1 T346 an interaction was detected by two-way ANOVA (P = 0.0084 and P = 0.0304, respectively) and the following differences were determined by Tukey's post hoc tests: ¤ P < 0.05 difference between Ric WT resting and Ric WT running. Values are means ± SEM. similar extent during running in both Ric WT and Ric mKO mice. Also important to the interpretation of our findings, GLUT4 and HKII protein content, and fibre type distribution were similar in Ric WT and Ric mKO muscles. Consistent with their role as mTORC2 targets, phosphorylation levels of p-AKT S473 and p-PKCα S657 were reduced in muscle of Ric mKO mice. Whether another kinase accounts for the residual p-AKT S473 and p-PKCα S657 phosphorylation or whether blood cells, blood vessels, nerve and connective tissue and/or ectopic fat contamination of the muscle samples are the explanation is difficult to ascertain. The increase in p-PKCα S657 with treadmill running specifically in Ric WT (but not in Ric mKO muscle) suggests that exercise increases mTORC2 activity. On the other hand, treadmill running had no effect on p-AKT S473. This discrepancy requires future investigations, but there are several indications that discrete, parallel mTORC2 pathways could exist. First, it has been previously reported that there are three different versions of mTORC2 that respond differently to insulin stimulation (Frias et al. 2006) . Second, β-adrenergic stimulation increases p-mTOR S2481 in an mTORC2-dependent manner without altering AKT S473 phosphorylation (Sato et al. 2014) . Third, there are spatially separated intracellular mTORC2 populations (Betz et al. 2013; Ebner et al. 2017 ) that diverge in their sensitivity to PI3K (Ebner et al. 2017) . This raises the possibility that there are different subcellular pools of mTORC2 in muscle that integrate and execute different upstream inputs.
Of note is that the protein levels of PKCα were considerably decreased (15% of Ric WT levels) in Ric mKO muscle. This is in agreement with p-PKCα S657 being a post-translational modification that stabilizes the PKCα protein (Ikenoue et al. 2008) . These data, however, also highlight that observed effects in tissue-specific RICTOR knockout models could be due to the large reduction in PKCα protein content. Similarly, AKT2 protein levels were decreased in Ric mKO muscle, albeit to a lesser extent. This finding is consistent with AKT expression being lower in RICTOR-deficient liver (Lamming et al. 2014) and can most likely be explained by a decrease in the turn motif phosphorylation of AKT (T450), which is under the control of mTORC2 (Ikenoue et al. 2008) .
We also attempted to quantify the mTORC2 target site p-SGK1 S422 (García-Martínez & Alessi, 2008) , but in our hands commercial antibodies did not have the requisite specificity in muscle lysates. SGK1 phosphorylates NDRG1 at three residues, T346, T356 and T366 (García-Martínez & Alessi, 2008) , and it has been suggested that the phosphorylations of these residues are excellent surrogates of mTORC2 activity. Thus, p-NDRG1 T346 has been widely used in this capacity of an mTORC2 biomarker (García-Martínez & Alessi, 2008; Pearce et al. 2011; Lee et al. 2014; Wang et al. 2015) . Contrary to this proposed role, we did not observe a decrease in p-NDRG1 T346 in Ric mKO muscles. In fact, at rest p-NDRG1 T346 tended to be increased 2-fold in Ric mKO muscle. Since it has been previously shown that knockout of SGK1 in muscle leads to a reduction in p-NDRG1 Representative Western blots and quantitative analysis of the indicated phosphorylation sites and total proteins in gastrocnemius muscle lysates from Ric WT and Ric mKO mice that were either resting or running (n = 9-13). ### P < 0.001 main effect of the intervention (resting vs. running). * * P < 0.01 main effects of genotype (Ric WT vs. Ric mKO). Values are means ± SEM.
J Physiol 595.14 T346 (García-Martínez & Alessi, 2008) , our data indicate that SGK1 activity is normal in Ric mKO muscle. It has been previously reported that PDK1-dependent phosphorylation of SGK1 can increase its activity (Lang & Cohen, 2001; Frodin et al. 2002) . This is of note, since p-AKT T308, a direct substrate of PDK1 (Pearce et al. 2010) , was increased ß2.5-fold in Ric mKO muscle, suggesting a greater PDK1 activity in Ric mKO muscle. The potential increase in PDK1 activity may also explain why several NDRG2 phosphorylation sites (T334, S350, S352), identified by phosphoproteomics, were increased in Ric mKO muscle. Intriguingly, with treadmill running p-NDRG1 T346 increased only in Ric WT muscle, suggesting that intact mTORC2 signalling is required for an exercise-induced increase in p-NDRG1 T346.
Similarly to p-NDRG1, p-mTOR S2481 has been proposed as an in vivo marker of mTORC2 activity. We observed a general decrease in p-mTOR S2481 in Ric mKO muscle. With treadmill running, however, p-mTOR S2481 was not altered. Sato et al. have shown that β-adrenergic stimulation of p-mTOR S2481 requires mTORC2 signalling in cultured muscle cells. Exercise is a physiological stimulus that triggers catecholamine release and thus increases β-adrenergic signalling in muscle. So it is unclear why p-mTOR S2481 does not respond to exercise, but it could be that the physiological rise in catecholamine levels with exercise is lower than the concentrations that were used in the in vitro cell culture experiments (Sato et al. 2014) .
It has been previously shown that Rac1 activity, judged by p-PAK1/2 T423/T402, increases with exercise in skeletal muscle and that Rac1 is a necessary signalling component for exercise-stimulated glucose uptake in skeletal muscle in vivo in mice . In agreement, p-PAK1/2 tended (P < 0.1) to increase with exercise in our current study. There was no effect of Ric mKO on p-PAK1/2 T423/T402 indicating that Rac1 was not altered in Ric mKO skeletal muscle. This observation is in contrast to the notion that mTORC2 regulates exercise-controlled glucose uptake by modulating Rac1 . C, list of phosphorylation sites that were normalized to protein abundance and that were significantly (adjusted P < 0.05) differentially phosphorylated by more 1.5-fold in Ric mKO gastrocnemius muscle compared to Ric WT gastrocnemius muscle after exercise. Two arrows indicate a fold-change (FC) > 2 and one arrow is a FC > 1.5 (n = 5).
signalling. Intriguingly, PAK1 protein expression was decreased with Ric mKO. It has been shown that the transcription factors, forkhead box O (FoxO) proteins, control the expression of PAK1 (de la Torre-Ubieta et al. 2010) . Therefore, a reduction in FoxO1 activity in Ric mKO muscle as described previously could explain why PAK1 protein expression is decreased. Since Rac1 activity appeared to be normal in Ric mKO muscles, we undertook an unbiased phosphoproteomic analysis to potentially uncover mTORC2-regulated proteins that could explain the reduction in exerciseinduced muscle glucose uptake. Targeted functional validation of these hits will be required in the future, but these data provide a resource for hypothesis-driven follow-up studies. Below we briefly discuss a few hits that exhibited decreased phosphorylation in Ric mKO muscle during exercise.
First, the sorbin and SH3 domain-containing 2 (Sorbs2) protein, also known as Arg/Abl-interacting protein 2 (ArgBP2), is a ubiquitously expressed adaptor protein that is involved in the regulation of the actin cytoskeleton (Cestra et al. 2005) . In addition, the closely related Sorbs1 has been shown to be involved in the regulation of insulin-stimulated glucose transport (Baumann et al. 2000) . These connections warrant future investigations into whether mTORC2-mediated Sorbs2 S41 and S44 phosphorylations are important for skeletal muscle metabolism.
Second, STAT5b, a member of the signal transducer and activator of transcription (STAT) family, couples extracellular cytokine and growth factor signalling to changes in intracellular gene expression. Phosphorylation on Y699 (decreased in Ric mKO muscle) is critical for activating STAT5, and Jak2, Src and BRK are to date the best known modulators of STAT5b Y699 phosphorylation (Tan & Nevalainen, 2008) . Also, both exercise and insulin increase STAT5 phosphorylation in muscle (Chen et al. 1997; Consitt et al. 2008) . Whether mTORC2 directly or indirectly impacts STAT5b Y699 phosphorylation (decreased in Ric mKO mice, Fig. 4 ) remains to be elucidated, but it has recently been reported that mTORC2 can also function as a tyrosine kinase (Wang & Proud, 2016) .
Third, STIM2 regulates calcium release from endoplasmatic reticulum (ER) (Cahalan, 2009) . Calcium turnover might be involved in contraction-induced glucose uptake (Wright et al. 2004) , although the mechanism for this calcium effect is controversial . A recent report indicated that mTORC2 localizes to ER to regulate calcium flux (Betz et al. 2013) . Therefore, it is a tempting hypothesis that mTORC2 regulates intracellular calcium flux via STIM2. An involvement of mTORC2 in calcium regulation in muscle is also supported by the decrease in the phosphorylation of calmodulin 1 (CALM1) in Ric mKO muscle, since calmodulins are calcium ion sensor proteins that transduce most of the calcium signalling to downstream protein kinases and phosphatases (Marcelo et al. 2016) .
Lastly, the protein kinase N1 (PKN1) belongs to the protein kinase C superfamily. Both, the Rho family of small G proteins (e.g. Rac1) and PDK1 have been found to regulate PKN1 activity and localization (Torbett et al. 2003) . PKN1 is best known as the effector of Rac1 in the control of actin cytoskeleton dynamics (Modha et al. 2008) . Our data suggest that in muscle Rac1 and mTORC2 signal in parallel to PKN1 to control the actin cytoskeleton. Of particular note is that the S920 residue on PKN1, which exhibits decreased phosphorylation in Ric mKO muscle during exercise, is embedded in a phosphorylation motif that is very similar to the T450 motif on AKT2 (TxxxxTx * T/S * PP), which is a known target site of mTORC2 (Ikenoue et al. 2008) . This makes PKN1 a strong potential novel mTORC2 target.
In conclusion, our data identify mTORC2 as a partial regulator of skeletal muscle glucose metabolism during exercise. Given the crucial role of skeletal muscle in whole-body glucose homeostasis, mTORC2 thus emerges as an intriguing therapeutic target to improve glucose uptake in insulin resistant skeletal muscle.
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